arXiv:gr-qc/0503120vl 30 Mar 2005 


ACT-03-05,CERN-PH-TH/2005-052,MIFP-05-06 


The String Coupling Accelerates the Expansion of the Universe 

John Ellis^, Nikolaos E. Mavromatos^ and Dimitri V. Nanopoulos^ 

^TH Division, Physics Department, CERN, CH-1211 Geneva 23, Switzerland 
‘^Theoretical Physics, Physics Department, King’s College London, Strand WC2R 2LS, UK 
^George P. and Cynthia W. Mitchell Institute for Fundamental Physics, Texas A&M 

University, 

College Station, TX 77843, USA; 

Astroparticle Physics Group, Houston Advanced Research Center (HARC), Mitchell Campus, 

Woodlands, TX 77381, USA; 

Academy of Athens, Academy of Athens, Division of Natural Sciences, 28 Panepistimiou 

Avenue, Athens 10679, Greece 

Abstract 

Generic cosmological models in non-critical string theory have a time-dependent dilaton 
backgronnd at a late epoch. The cosmological deceleration parameter qq is given by the sqnare 
of the string conpling, g'^, np to a negative sign. Hence the expansion of the Universe must 
accelerate eventually, and the observed value of go coresponds to g^ ~ 0.6. In this scenario, 
the string coupling is asymptotically free at large times, but its present rate of change is 
imperceptibly small. 
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1 Introduction 


One hundred years after Einstein’s ‘annus mirabilis’, theoretical physicists are struggling to 
come to terms with the accelerating expansion of the Universe that is indicated by recent 
cosmological observations dQ. What Einstein once termed his ‘greatest blunder’, namely a 
possible cosmological constant, may actually turn out to be one of his deepest insights and a 
puzzle for quantum theories of gravity jS] . This vacuum energy is a second measurable quantity 
that, in combination with the Newton constant Gat = l/rup : mp ~ 10^® GeV, must be 
confronted with any theory of gravity. Specihcally, the cosmological constant A 10-^® GeV^ 
is a challenge for any candidate quantum theory of gravity, which must explain not only why it 
is non-zero, but also why it is so many orders of magnitude smaller than the apparently natural 
order of magnitude A ~ mp. 

This challenge is acute for string theory HIS], particularly in its standard paradigm as a 
conformal field theory on an internal world sheet, used to calculate an S-matrix for particle 
scattering in a static background. The central problem is that a Universe with a cosmological 
constant is described as a de Sitter space. This possesses an event horizon and requires a 
description of physics in terms of mixed quantum-mechanical states, which does not admit an 
S-matrix formulation of scattering jHj . 

One of the first attempts to transcend the standard paradigm of a static string background 
was a formulation of string in a time-dependent dilaton background [Z|. This model can be 
interpreted as a non-critical string [Sj, in which the underlying effective held theory on the 
internal world sheet is no longer conformal. The deviation from conformal symmetry requires 
the introduction of a renormalization scale, which can be interpreted as a new scalar Liouville 
held in the ehective world-sheet theory. 

We have argued jUj that the zero mode of the Liouville held in such a non-critical string 
theory can be identihed with time, as dictated in some explicit examples ra by the energetics 
of the corresponding ehective held theory in space-time. One of the miracles of standard 
critical string theory was to derive Lorentz invariance and hence Einstein’s Special Relativity. 
Gonversely, one possible signature of non-critical string could be a deviation from Lorentz 
invariance HD, and we have suggested that distant astrophysical sources of energetic photons 
could provide sensitive probes of this possibility ini. 

Here we further argue that any deviation from criticality in the string world-sheet theory can 
be regarded ehectively as vacuum energy in four-dimensional space-time. This could provide 
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a stringy framework for discussing cosmological inflation HSIIIII. However, here we focus on 
another possible application of this idea, namely as a mechanism for generating the present- 
day vacuum energy HSj. In a wide class of models, this suggestion has a startling implication 
that we would like to emphasize. The cosmological deceleration parameter qq, which is directly 
related to the vacuum energy, can be expressed in terms of the dilaton held value, which can in 
turn be identihed with the string coupling strength. Therefore, the cosmological deceleration 
at asymptotically late times is a direct measure of the string coupling strength: 

qo = -gl ( 1 - 1 ) 

This remarkable equation is our central result. We do not know whether the present Universe is 
sufficiently asymptotic for the formula (HH) to be directly applicable to the present cosmological 
data. However, we do note one fundamental implication of (EH): because of its negative relative 
sign, it implies that the expansion of the Universe MUST accelerate eventually. Moreover, if we 
insert the present measurement of go, we estimate ~ 0.6, which is quite a acceptable value. 
The string coupling decreases towards zero at large time, but the present rate of change is very 
small. 


2 Background Analysis 

We now explain in more detail ra the theoretical analysis leading to (HD). The Ansatz of [7j for 
a string model of cosmology was that the dilaton held $ could evolve linearly in the world-sheet 
time variable t\ 

$ = constant — Qt, (2.1) 

where Q is a constant whose square measures the departure of the world-sheet held theory from 
conformal symmetry. Since the Einstein term in the ehective space-time action is conformally 
rescaled by a factor e“'*’, the cosmological time tE 'm the Einstein frame (in which the lowest- 
order curvature term in the target-space ehective action has the same normalisation as the 
conventional Einstein scalar curvature term is related to t by 

tE = Cl + ( 2 . 2 ) 

and the resulting form of a spherically-symmetric four-dimensional metric is of the hat Robertson- 
Walker-Friedman type: 

ds^ = —dt\ + aE{tEy‘{dr‘^ + r‘^dVlf)^ (2.3) 
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where aE{tE) is a time-dependent scale factor and hi is the three-dimensional angular factor. 

Such time-dependent cosmological backgrounds are in general described by non-critical 
string theories in which conformal symmetry is restored by dressing the field opera¬ 

tors with the Liouville held, which characterizes the overall size of the string and acts as a 
renormalization scale. The identihcation of the zero mode of this Liouville held with physical 
time has been checked by many calculations from two-dimensional black holes [5] to ehective 
potentials between D-branes usi HU- 

Non-critical string models generically relax at large cosmic times to equilibrium points in 
the string ‘theory space’, which are conformal held theories describing locally-Minkowski spaces 
with a linear dilaton background. One example was a ten-dimensional Type-0 string theory na 
compactihed on a space with hve hat dimensions and a non-trivial hux parallel to the remaining 
dimension • fa this example, the sizes of the extra dimensions rapidly froze to hxed values, 
while the positive central-charge dehcit > 0 relaxes to a constant value Qq at large times. 
Other examples are provided by colliding brane worlds dnmn]. 

In such models, the scale factor takes the following form at large cosmic times Ie'- 

aE{tE) ^ + (2.4) 


where (3 and 7 are numerical constants characteristic of the specihc model under consider¬ 
ation. For instance, for the type-0 model of [iH], we have 7 = (/3^Qg)/(ay4), where a = 
\J [11 -|- a/T 7]/[2(3 -|- vTf)]', /3 = 2/(1 -|- vTf), and A is the hux in the large extra dimension. 

We see from (E3D that a{tE) scales linearly with at very large values of this Einstein- 
frame cosmological time Hence the cosmic horizon expands logarithmically, allowing for 
the proper dehnition of asymptotic states and thus a scattering matrix. At large tE, the Hubble 
parameter becomes 

- 1 /% ■ P-5) 

and the ehective four-dimensional vacuum energy density is HEI: 


^Ei^E) — 




( 2 . 6 ) 


where we use the fact that [IH] the central-charge dehcit approaches its equilibrium value Qq 
for large Ie- Thus, the dark energy density relaxes to zero for —>■ 00 in such non-critical 
string cosmologies [IH1IIS|. Finally, during this epoch the deceleration parameter becomes US: 
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= 


{(fttE/dt\) ttE 1 

{daE/dtE^ 


(2.7) 


Therefore, up to proportionality constant factors which by convention are normalized to unity, 
it can be identihed with the square of the string coupling: 


= —exp[2($ — const)] = —g 


( 2 , 8 ) 


which is our central result announced earlier Because of the minus sign in fj2.8j) . this non- 
critical string theory predicts that the expansion of the Universe must accelerate asymptotically. 


3 Time for Discussion 

The important ingredient in this approach is the treatment of time as a dynamical world-sheet 
renormalisation-group scale jU], which flows irreversibly between hxed points in string theory 
space that correspond to equilibrium theories. The irreversible evolution of this world-sheet 
scale is due to information loss associated with world-sheet modes whose two-dimensional mo¬ 
mentum scales pass beyond the ultraviolet cutoff, leading in turn to microscopic irreversibility 
of time. Deviations from such fixed points arise from relevant perturbations that might be 
due to catastrophic cosmic events such as the collision of two brane worlds, or simple quantum 
fluctuations. During the irreversible flow to some hnal hxed point in the string landscape, the 
Universe expands and may pass through various transitions such as inhation and reheating. 

As we have just showed, in this scenario the expansion of the Universe must accelerate, and 
its rate of acceleration is equal to the current value of the string coupling. This non-critical 
string approach predicts a new type of asymptotic freedom, as the string coupling decreases 
with increasing cosmic time. 

We close by recalling that this approach to target time in non-critical string theory yields 
a number of important, physically falsihable predictions. These include potential violations of 
Lorentz symmetry and the principle of equivalence, associated with the microscopic curvature 
of space-time inmn, and the possibility that microscopic quantum mechanics may be modified. 
One can also use non-critical strings to discuss supersymmetry breaking in brane worlds in as 
well as inflation and reheating na The relative separations and velocities of recoiling branes in 

^Consistency with perturbation theory requires < 1, which is easily satisfied in phenomenologically realistic 
string models mcni We note also that the present rate of change of gs is unobservably slow. 
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some ekpyrotic models of inflation PI can be constrained by available and future astrophysical 
data, such as Cosmic Microwave background fluctuation measurements. Thus, a century after 
Einstein’s Special Theory of Relativity, one scenario for its quantum-gravitational counterpart 
is close to experimental test - and possible disproof. Time will tell. 


Acknowledgements 

N.E.M. wishes to thank Juan Fuster and IFIC-University of Valencia (Spain) for their interest 
and support. The work of D.V.N. is supported by D.O.E. grant DE-FG03-95-ER-40917. 


References 

[1] B. P. Schmidt et al. [Supernova Search Team Collaboration], Astrophys. J. 507 , 46 (1998) 
arXiv:astro-ph/9805200 ; S. Perlmutter et al. [Supernova Cosmology Project Collabora¬ 
tion], Astrophys. J. 517 , 565 (1999) arXiv:astro-ph/9812133|; J. P. Blakeslee et al. [Super¬ 
nova Search Team Collaboration], Astrophys. J. 589 , 693 (2003) arXiv:astro-ph/0302402|; 
A. G. Riess et al. [Supernova Search Team Collaboration], Astrophys. J. 560 , 49 (2001) 
arXiv:astro-ph/0104455 . 

[2] D. N. Spergel et al. [WMAP Collaboration], Astrophys. J. Suppl. 148, 175 (2003) 
arXiv:astro-ph/0302209 . 

[3] S. M. Carroll, Living Rev. Rel. 4, 1 (2001) |arXiv:astro-ph/0004075 . 

[4] M.B. Green, J.H. Schwarz and E. Wiiten, Superstring Theory, Vols. I & II (Gambridge 
University Press, 1987). 

[5] J. Polchinski, String theory, Vol. 2 (Gambridge University Press, 1998); J. H. Schwarz, 
arXiv:hep-th/9907061, 

[6] S. Hellerman, N. Kaloper and L. Susskind, JHEP 0106 , 003 (2001) arXiv:hep-th/0104180|; 
W. Fischler, A. Kashani-Poor, R. McNees and S. Paban, JHEP 0107 , 003 (2001) 
arXiv:hep-th/0104181 ; E. Witten, arXiv:hep-th/0106109, P. O. Mazur and E. Mottola, 
Phys. Rev. D 64 , 104022 (2001) |arXivJiep-th/0106151|; J. R. Ellis, N. E. Mavromatos 
and D. V. Nanopoulos, arXiv:hep-th/0105206 


5 



[7] I. Antoniadis, C. Bachas, J. R. Ellis and D. V. Nanopoulos, Phys. Lett. B 211 , 393 (1988); 
Nucl. Phys. B 328 , 117 (1989); Phys. Lett. B 257 , 278 (1991). 

[8] F. David, Mod. Phys. Lett. A 3 , 1651 (1988); J. Distler and H. Kawai, Nncl. Phys. B 
321 , 509 (1989); J. Distler, Z. Hlousek and H. Kawai, Int. J. Mod. Phys. A 5 , 391 (1990); 
see also: N. E. Mavromatos and J. L. Miramontes, Mod. Phys. Lett. A 4, 1847 (1989); 
E. D’Hoker and P. S. Knrzepa, Mod. Phys. Lett. A 5, 1411 (1990). 

[9] J. R. Ellis, N. E. Mavromatos and D. V. Nanoponlos, Phys. Lett. B 293 , 37 (1992) 
arXiv:hep-th/9207103 ; Invited review for the special Issue of J. Chaos, Solitons and Frac¬ 
tals, Vol. 10, eds. C. Castro and M.S. El Naschie, (Elsevier Science, Pergamon, 1999) 345 
arXiv:hep-th/9805120 ; Phys. Rev. D 63 , 024024 (2001) |arXiv:gr-qc/0007044|; 

[10] E. Gravanis and N. E. Mavromatos, Phys. Lett. B 547 , 117 (2002) arXiv:hep-th/0205298|; 
N. E. Mavromatos, arXiv:hep-th/0210079, Beyond the Desert, Oulu 2002 (Finland), ed. 
H.V. Klapdor-Kleingrothans (loP, 2003), 3. 

[11] G. Amelino-Gamelia, J. R. Ellis, N. E. Mavromatos and D. V. Nanoponlos, Int. J. Mod. 
Phys. A 12 , 607 (1997) |arXiv:hep-th/9605211|. 

[12] G. Amelino-Gamelia, J. R. Ellis, N. E. Mavromatos, D. V. Nanoponlos and S. Sarkar, 
Natnre 393 , 763 (1998) |arXiv:astro-ph/9712103 ; J. R. Ellis, N. E. Mavromatos and 
D. V. Nanopoulos, Gen. Rel. Grav. 31 , 1257 (1999) |arXiv:gr-qc/9905048|. 

[13] J. Ellis, N. E. Mavromatos, D. V. Nanopoulos and A. Sakharov, arXiv:gr-qc/0407089, New 
J. Phys. 6, 171 (2004). 

[14] J. R. Ellis, N. E. Mavromatos and M. Westmuckett, Phys. Rev. D 70 , 044036 
(2004) |arXiv:gr-qc/0405066|; J. Ellis, N. E. Mavromatos and M. Westmuckett, 
arXiv:gr-qc/0501060, J. R. Ellis, N. E. Mavromatos, D. V. Nanopoulos and M. West¬ 
muckett, in preparation. 

[15] J. Ellis, N. E. Mavromatos and D. V. Nanopoulos, arXiv:hep-th/0412240, 

[16] 1. 1. Kogan, N. E. Mavromatos and J. F. Wheater, Phys. Lett. B 387 , 483 (1996) 
arXiv:hep-th/9606102 , J. R. Ellis, N. E. Mavromatos and D. V. Nanopoulos, Int. J. 


6 



Mod. Phys. A 12, 2639 (1997) |arXiv:hep-th/9605046|. N. E. Mavromatos and R. J. Sz- 
abo, Phys. Rev. D 59, 104018 (1999) |arXiv:hep-th/9808124|. J. R. Ellis, N. E. Mavromatos 
and D. V. Nanopoulos, Phys. Rev. D 62, 084019 (2000) arXiv:gr-qc/0006004 ; 

[17] I. Klebanov and A.A. Tseytlin, Nucl. Phys. B546, 155 (1999); Nucl. Phys. B547, 143 
(1999). 

[18] G. A. Diamandis, B. C. Georgalas, N. E. Mavromatos and E. Papantonopoulos, Int. J. 
Mod. Phys. A 17, 4567 (2002) |arXiv:hep-th/0203241|; G. A. Diamandis, B. G. Georgalas, 
N. E. Mavromatos, E. Papantonopoulos and I. Pappa, Int. J. Mod. Phys. A 17, 2241 (2002) 
arXiv:hep-th/0107124 . 

[19] J. Khoury, B. A. Ovrut, P. J. Steinhardt and N. Turok, Phys. Rev. D 64, 123522 (2001) 
arXiv:hep-th/0103239 . 


7 




